Abstract: Topographic indices like the Topographic Wetness Index (TWI) have been used to predict spatial patterns of average groundwater levels and to model the dynamics of the saturated zone during events (e.g., TOPMODEL). However, the assumptions underlying the use of the TWI in hydrological models, of which the most important is that groundwater level variation can be approximated by a series of steady state situations, are rarely tested. It is also not clear how well findings from existing hillslope studies on sites with transmissive soil can be transferred to entire catchments with less permeable soils. This study, therefore, evaluated the suitability of selected topographic indices to describe spatial groundwater level variations based on time series from 51 groundwater wells in a 20 ha catchment with lowpermeability soils in Switzerland. Results showed that median groundwater levels were correlated to slope, curvature, and TWI, but the strength of correlation depended on whether the indices characterized the local topography or the topography of the upslope contributing area. The correlation between TWI and groundwater levels was not constant over time but decreased at the beginning of rainfall events, indicating large spatial differences in groundwater responses, and increased after peak flow, when groundwater levels could be considered to be spatially in a steady state. Our findings indicate that topographic indices are useful to predict median groundwater levels in catchments with low-permeability soils and that the TWI assumptions are best met when groundwater levels change slowly. Abstract Topographic indices like the Topographic Wetness Index (TWI) have been used to predict spatial patterns of average groundwater levels and to model the dynamics of the saturated zone during events (e.g., TOPMODEL). However, the assumptions underlying the use of the TWI in hydrological models, of which the most important is that groundwater level variation can be approximated by a series of steady state situations, are rarely tested. It is also not clear how well findings from existing hillslope studies on sites with transmissive soil can be transferred to entire catchments with less permeable soils. This study, therefore, evaluated the suitability of selected topographic indices to describe spatial groundwater level variations based on time series from 51 groundwater wells in a 20 ha catchment with low-permeability soils in Switzerland. Results showed that median groundwater levels were correlated to slope, curvature, and TWI, but the strength of correlation depended on whether the indices characterized the local topography or the topography of the upslope contributing area. The correlation between TWI and groundwater levels was not constant over time but decreased at the beginning of rainfall events, indicating large spatial differences in groundwater responses, and increased after peak flow, when groundwater levels could be considered to be spatially in a steady state. Our findings indicate that topographic indices are useful to predict median groundwater levels in catchments with low-permeability soils and that the TWI assumptions are best met when groundwater levels change slowly.
Introduction
The spatio-temporal variation in groundwater levels and, thus, groundwater storage within a catchment significantly influences catchment runoff response [McGlynn et al., 2004; Zehe et al., 2005; Spence et al., 2009] . Temporal differences in the area where groundwater storage capacity is exceeded as a result of rainfall or snowmelt govern the changing patterns of runoff source areas and overland flow connectivity, as described in the variable source area concept [Hewlett and Hibbert, 1967; Ambroise, 2004; Gomi et al., 2008] . Similarly, perched groundwater levels on hillslopes determine the activation of subsurface flow pathways. When these pathways become hydrologically connected to the stream network, this can result in a rapid increase in runoff [Spence and Woo, 2006; Tromp-van Meerveld and McDonnell, 2006; Laudon et al., 2007; Lehmann et al., 2007] . While temporal differences in groundwater levels are important for understanding runoff processes during rainfall events, average groundwater conditions can serve as an indicator of typical wetness conditions in a catchment and its average storage capacity. As continuous groundwater level monitoring is restricted to selected sites, understanding the processes and controlling factors that lead to spatial variability in groundwater levels in a catchment is important. Quantifying relations between groundwater levels and site characteristics, such as the topographic characteristics of the monitoring site and its upslope contributing area, soil and bedrock properties, and vegetation, enables the prediction of groundwater levels at unmonitored sites. This is a prerequisite for identifying spatial patterns of groundwater above an impeding soil or bedrock layer and its spatial connection, especially to the stream network. drainage, local recharge from infiltration, and groundwater input from upslope, it is necessary to differentiate between characteristics of the monitoring site itself (local controls) and those that are representative of the upslope contributing area (upslope controls). In mountain catchments with often shallow soils and groundwater tables, topography is assumed to be a major driver of spatial differences in groundwater levels as the gravitational potential is a dominant part of the total potential [Anderson and Burt, 1978] . This important role of topography was recognized early and forms the basis of several conceptual hydrological models, such as TOPMODEL [Beven and Kirkby, 1979] and TOPOG [O'Loughlin, 1986] .
Many of the topography-based, hydrological models assume that sites with the same Topographic Wetness Index (TWI; ln(a/tanb), where a is the upslope contributing area per unit contour length (m) and b is the local slope ( )), have a similar groundwater response. This consideration is based on the assumptions that the local slope is a proxy of the local hydraulic gradient and that the whole upslope contributing area contributes to groundwater flow toward the site [Beven and Kirkby, 1979] . Furthermore, it is assumed that spatial groundwater table variations can be approximated by successions of steady state situations, implying for each point in time an equilibrium between inflow from the upslope contributing area and local drainage everywhere in the catchment. This implies a spatially persistent pattern of groundwater levels in a catchment. In the following, we refer to these assumptions as the TWI assumptions.
With the growing popularity of the TOPMODEL concept in the 1980s and 1990s, a series of studies investigated the relations between topographic indices, especially the TWI, and groundwater levels. A good agreement was found in some studies, mainly during wet conditions [Anderson and Burt, 1978; Burt and Butcher, 1985] and for sites with shallow groundwater tables [Troch et al., 1993] , whereas other studies reported poorer agreements, which could partly be attributed to flat terrain [Barling et al., 1994] or transmissive soils [Seibert et al., 1997] . Some studies restricted monitoring to near-stream and footslope locations and measured groundwater levels at a coarse temporal resolution, which may also have contributed to the contradictory findings [Moore and Thompson, 1996; Buttle et al., 2001 ].
Distinct differences in the groundwater response have been observed for wells in the riparian zone and the upper hillslope zone [Seibert et al., 2003; Haught and van Meerveld, 2011] . While water levels in riparian wells were well correlated with streamflow in these studies, they were not for the upland sites. In other studies, water levels increased earlier in upland wells than in footslope sites due to differences in surface and bedrock topography or soil depth [Tromp-van Meerveld and McDonnell, 2006; Rodhe and Seibert, 2011; Penna et al., 2014] . These differences in groundwater response might partly explain why modeled groundwater levels did not agree with observations, when using TWI-based models or TWI as an external drift function for interpolating groundwater table elevations [Seibert et al., 1997; Desbarats et al., 2002] .
The site characteristics that are most strongly correlated to groundwater levels and therefore are considered to control groundwater levels have been investigated only in a few studies. Individual Spearman rank correlation analysis showed that mean relative groundwater levels were correlated to land use classes, soil properties, local slope, hillslope position, and well depth, but not upslope contributing area, local plan and local profile curvature, saturated hydraulic conductivity, and vegetation properties for hillslopes in southern Germany with sandy loam textured soils [Bachmair and Weiler, 2012] . However, when applying a nonparametric multivariate technique (random forest approach [Breiman, 2001] ) to predict the mean relative groundwater levels using the same independent variables as listed above, saturated hydraulic conductivity and local profile curvature were the most importance predictors, followed by topographic variables such as local slope, local plan curvature, and upslope contributing area. The explained variance of mean relative groundwater levels using the random forest approach was only 30%. Bachmair and Weiler [2012] present the only study that reported seasonal differences in the importance of site characteristics on groundwater levels. They found that correlations between mean water tables and site characteristics were lower during summer than during fall, winter and spring. Correlations between mean groundwater levels with site characteristics were even lower for individual events [Bachmair and Weiler, 2012] . We are not aware of any previous study that investigated the change in correlation between groundwater levels and site characteristics during events. This is maybe partly because, until recently, continuous measurements of groundwater levels at many points in a catchment were not feasible. As the groundwater response is known to vary throughout a catchment during a rainfall event and patterns in groundwater levels, therefore, change over time, a temporal change in the correlation between groundwater levels and topographic indices is likely.
Previous studies have investigated groundwater dynamics and key controls mainly on hillslopes or at the riparian-hillslope interface, but less is known about catchment-wide variability in groundwater levels. Furthermore, most of the previous studies have been conducted at sites with transmissive soils [Seibert et al., 2003; Tromp-van Meerveld and McDonnell, 2006; Detty and McGuire, 2010] . The dominant processes and catchment characteristics (e.g., soil properties, topography) that determine groundwater dynamics are expected to be different in catchments with less permeable soils (e.g., Gleysols) because groundwater levels are expected to be more persistent, quicker to respond, and more frequent, because of the lower storage deficit and smaller drainable porosity compared to catchments with transmissive soils. This study, therefore, aimed to assess the influence of topographic characteristics on groundwater levels in a steep headwater catchment with low-permeability soils by addressing the following questions:
1. To what extent does topography control median groundwater levels in a catchment with lowpermeability soils?
2. Are there differences in the correlation of median groundwater levels with local and upslope topographic characteristics?
3. Does the correlation between topography and groundwater levels vary over time?
2. Methods
Site Description
The 20 ha headwater study catchment is located in the Alptal, a pre-alpine valley about 40 km southeast of Zurich, Switzerland (Figure 1 ). The Alptal region and particularly the Erlenbach catchment is known for a long history of research on the influence of forests on runoff, water quality, and bedload transport [Hegg et al., 2006] . However, the Erlenbach catchment was not chosen for this study because it is affected by anthropogenic drainage. Instead a 20 ha neighboring catchment was investigated. Mean annual precipitation is 2300 mm/yr, of which about 30% falls as snow, and is evenly distributed throughout the year [Feyen et al., 1999] . The catchment extends from 1270 m asl. to 1650 m asl. and has an average slope of 35%. Landslides and soil creep have developed a sequence of steeper and flatter landscape units, each with complex microtopography, and a dense natural drainage network (205 m/ha) with most channels not being deeply incised, except for the main channel close to the catchment outlet. Moor landscapes and wet grassland areas have formed in flat or concave parts of the catchment (ca. 7 ha), while steeper slopes and ridge sites have open coniferous forest stands (Picea abies L. with an understory of Vaccinium sp.) (ca. 11 ha). Parts of the upper catchment (ca. 2 ha) are used for cattle grazing during summer (area based on aerial photographs from 2007). The spatial distribution of soil types and soil depth are related to differences in local topography. In wet depressions (mainly grassland), where the water table is persistently close to the soil surface, a mollic Gleysol with a topsoil high in carbonate can be found. The mineral soil consists of a permanently reduced Bg horizon, with typically 43% clay, 42% silt, and 15% sand [Schleppi et al., 1998 ]. At the ridge sites, where the water table is normally more than 40 cm below the soil surface, trees grow on an umbric Gleysol with an oxidized Bw horizon (49% clay, 46% silt, and 5% sand) [Schleppi et al., 1998; Hagedorn et al., 2001] with macropores. Soil depth varies between 0.5 m at ridges to more than 2.5 m in depressions. The bedrock consists of a poorly permeable clay-rich Flysch with calcareous sandstone and argillite and bentonite schist layers [Mohn et al., 2000] .
Monitoring Network and Measurements
The study catchment consists of seven nested subcatchments (C1-C7) of varying size (0.2, 1, 3.5, 12 to 20 ha; see Figure 1 ). In contrast to most previous studies, where groundwater levels were measured along transects or on a single hillslope, the monitoring network of this study was designed to provide a good spatial coverage and to capture wet and dry sites within each subcatchment. As field observations suggested that TWI might be a good indicator of soil wetness, TWI (calculation described in section 2.3) was used to determine the locations of the monitoring sites. For each subcatchment, the pixels were grouped into eight TWI classes with equal frequency. The coordinates of the monitoring sites were determined by selecting the pixels with a TWI similar to the median TWI of each class. As the subcatchments were nested, five monitoring sites overlapped, resulting in 51 monitoring sites with continuous groundwater level observations ( Figure 1 ). The monitoring sites included 8 ridge site, 22 midslope, and 21 footslope or depression sites. Of the 51 monitoring sites, 25 had a mollic Gleysol and 26 had an umbric Gleysol profile; 20 sites were forested and 31 were located in grassland. Soil depth was not statistically significantly different between mollic and umbric Gleysol monitoring locations (Mann-Whitney U 5 288, p 5 0.5). Soil depth was correlated to the local slope (Spearman rank correlation coefficient r s 5 20.44, p 5 0.001).
All boreholes were hand-augered down to the parent material. The mean depth was 1.06 m (min: 0.46 m, max: 2.16 m). The wells consist of a PVC pipe of 4 cm diameter, screened over the full length up to 10 cm below the surface; the borehole was backfilled with coarse filter sand after installation of the pipe. To prevent water entering the well and auger hole from the soil surface, the filter pack was sealed with bentonite and plastic foil 5-10 cm below the soil surface. Water levels were measured in the wells between September 2010 and November 2012 using Odyssey capacitance water level loggers (Dataflow Systems Pty Limited). The measurement interval was 5 min during summer (May until December) and 10 min during winter. Groundwater level data were checked with manual water level measurements when downloading the data, every 2-3 months. Saturated hydraulic conductivity of the mineral soil layer was determined by the Bouwer and Rice [1976] method based on at least three slug and bail tests at each groundwater-monitoring site during summer 2012.
Stream stage was measured every 5 min at each of the seven subcatchments during summer (May until December) 2011 and 2012 using pressure loggers (DL/N 70 by STS, Sensor Technik Sirnach AG) and every 10 min during winter 2011 and 2012 using capacitance water level loggers (Odyssey). HS flumes (subcatchment C1 and C2) and 90 V notch weirs (subcatchments C3, C4, and C5) were used in channels with moderate sediment transport. Stage was converted into streamflow using rating curves [U.S. Department of the Interior, 2001] that were checked by repeated salt dilution measurements during seven events of different magnitude and a low-flow period. For the largest and second largest catchments (C6 and C7), stage was recorded in a natural cross section as weir construction was not possible. Changes in the natural cross section were documented monthly and deemed to be minor for the study period. Salt dilution was used to determine the rating curves for these cross sections.
Precipitation, air temperature, and barometric pressure were measured at a permanent meteorological weather station 1 km from the experimental catchment at 1219 m asl. Precipitation and air temperature were measured every 10 min, while barometric pressure was measured every 5 min. There is no reliable information on the spatial patterns of precipitation in the catchment, but we expect the altitudinal gradient in precipitation to be small and differences in the timing of the onset of precipitation to even out over the study period of 27 months.
Site Characteristics
We defined key controls as the characteristics that are significantly correlated to the median values of the groundwater level time series of all sites and therefore can explain parts of the observed spatial variability in median groundwater levels across the catchment. As we expected differences in the importance of local characteristics of a site and the characteristics of its upslope contributing area, we defined local controls as properties that characterize the monitoring site itself and upslope controls as the properties that characterize the upslope contributing area. The site characteristics selected for this study were local slope, local curvature, TWI, upslope contributing area, mean slope, mean curvature, and mean TWI of the upslope contributing area (Table 1) .
The topographic site characteristics were calculated based on a Digital Terrain Model (DTM) derived from LiDAR. DEM resolutions of 2, 4, 6, 8, and 10 m were tested, and 6 m was found to be the optimum for capturing the prominent morphologic features (ridges and depressions) without being obscured by microtopography. For all upslope characteristics, the triangular multiple flow direction algorithm [Seibert and McGlynn, 2007] was used for downslope routing of the accumulated area. All indices were calculated using the open source software SAGA-GIS [Conrad, 2007] . The mean values of the tested topographic indices for the upslope contributing area might not be representative if they are based only on a few pixels, but we consider this effect to be minor because the correlations between upslope controls and median groundwater levels were similar when sites with an upslope contributing area smaller than 125 m 2 (lower 25% quantile; equivalent to ca. 3 pixels) were excluded.
Analytical Methods
To quantify the relation between the topographic characteristics and groundwater levels, the Spearman rank correlation coefficient (r s ) was determined [Spearman, 1904] . For characterizing the average system state, we chose median instead of mean groundwater levels since these are less influenced by extremes and more robust for censored data (i.e., when the groundwater level falls below the bottom of the groundwater well). As soil depth and, thus, well depth differed between sites, groundwater levels were scaled by the soil depth (1 5 water level at the soil surface, 0 5 dry well). We refer to these scaled water levels as relative groundwater levels throughout the remainder of this text, whereas the unscaled water levels are referred The continuous measurement of groundwater levels also allowed the investigation of the temporal variation in the correlation between groundwater levels and TWI. Groundwater levels and streamflow data were aggregated to hourly time steps by calculating the mean to remove noise in the data. Rank correlation coefficients between groundwater levels and TWI were then calculated for each hour and related to streamflow and the relative change in streamflow (dQ/Q) in subcatchment C5. Streamflow was assumed to be an indicator of the system state, and C5 was used because it provided the most complete runoff series. Data points were further classified according to three hydrologically relevant seasons in the Alptal region: the growing season from the beginning of June until the end of September with frequent rainfall events, the dormant season between the beginning of October and the end of January and spring, including snowmelt between the beginning of February and the end of May.
Results

Characterizing Groundwater Variability
Groundwater dynamics varied spatially across the small mountain headwater catchment (Figure 2 ). Most sites with a TWI < 4 did not respond during every rainfall event and seemed to have a threshold type of response behavior. Most other sites responded during the majority of the rainfall events but differed in their peak groundwater level. There was also a difference in the lag time between the start of a rainfall event and the rise of the groundwater level. For some sites, the recession limb was almost as steep as the rising limb, while for others, it took several days to return to the base level. Even for sites with a similar rate of recession, the median absolute groundwater level was distinctly different. Despite differences in the groundwater hydrographs of individual sites, similarities could be identified. Sites with a TWI > 6 responded faster than sites with a TWI < 4. For most sites with a TWI > 6, the groundwater levels were close to the soil surface most of the time, the rise during an event was small compared to other sites, and the groundwater levels tended to remain elevated for several days after rainfall events. Sites with a TWI between 4 and 6 showed the highest response frequency and amplitude and differed most in mean groundwater levels, while sites with a TWI < 4 only responded to large rainfall events or events with a high rainfall intensity. The skewness of the frequency distributions of the groundwater levels characterizes the water table dynamics at each site. Sites with a TWI < 4 had predominantly positively skewed frequency distributions (i.e., mainly low water levels), while sites with a TWI > 6 were predominantly negatively skewed (i.e., mainly high water levels). The groundwater level distributions of sites with a local slope <30% were predominantly negatively skewed, while for sites with a local slope >50% they were predominantly positively skewed. The skewness of the groundwater frequency distribution was correlated to all topographic indices considered in this study (e.g., local slope: r s 5 0.68, TWI: r s 5 20.69), except local curvature. The fraction of time the wells were filled to a certain level below the soil surface was also related to topography. For sites with a TWI < 4, groundwater levels were almost never within 10 cm from the surface, whereas for sites with a TWI > 4 there was considerable spread and a weak tendency of an increasing fraction of time with water levels within 10 cm from the soil surface, with increasing TWI (Figure 3, left) . This relation was more pronounced when analyzing the fraction of time that water levels were within 30 cm from the soil surface, especially for sites with a TWI between 4 and 6 (Figure 3 , middle). Only sites with a TWI > 7 almost always had a water level within 30 cm from the surface. A similar pattern could be observed for the fraction of time water levels were within 50 cm from the soil surface (not shown). All sites had a water level within 80 cm from the surface for >80% of the time, except for nine sites with a TWI < 5 (Figure 3 , right).
Correlation Analysis
The median relative groundwater levels were correlated to most of the selected topographic indices. However, the strength of the correlation differed for the local and upslope topographic characteristics. The median groundwater levels were correlated to the local slope (r s 5 20.67) but not to the mean slope of the upslope contributing area (Figures 4a and 4b and Table 1 ). Steeper sites generally had lower median relative groundwater levels. While sites with a local slope between 30 and 50% had median relative groundwater levels over almost the entire range (between 0.05 and 0.9), flatter and steeper sites had median relative groundwater levels >0.6 and <0.3, respectively. These results were similar for the median absolute groundwater levels, but the correlation coefficients were lower (Table 1) .
In contrast to slope, the median relative groundwater levels were highly correlated to the mean curvature of the upslope contributing area (r s 5 20.80) but not to the local curvature (Figures 4c and 4d and Table 1) . Most sites had a local curvature between 20.5 and 0.5, but regardless of being convex or concave, the median relative groundwater levels ranged between 0 and 1 (Figure 4c ). The correlations were similar for the median absolute groundwater levels ( Table 1) .
The median relative groundwater levels were also correlated to the upslope contributing area (r s 5 0.69) (see Figures 4e and Table 1 ). For the majority of sites with an upslope contributing area smaller than about 200 m 2 , the median relative groundwater level was less than 0.3, except for five sites that had median relative groundwater levels between 0.4 and 0.7. For sites with an upslope contributing area between 200 and 600 m 2 , the median relative groundwater levels varied over the entire range. For sites with an upslope contributing area larger than 600 m 2 , median relative groundwater levels were higher than 0.7. The upslope contributing area was similarly correlated to the median absolute groundwater levels (r s 5 0.70). The median relative groundwater levels increased linearly with TWI (r s 5 0.78) but were highly variable for sites with a TWI between 4 and 6 ( Figure 4f and Table 1 ). Sites with a TWI > 6 had a median relative groundwater level of 0.7 or higher. The median relative groundwater levels were also correlated to the mean TWI of the upslope contributing area, but the correlation coefficient was lower (r s 5 0.62). The correlations were similar for the median absolute groundwater levels (Table 1) .
We also considered the soil depth and the saturated hydraulic conductivity of the mineral soil to be important controls on median groundwater levels, but the correlations were not statistically significant. The spatial distribution of soil type and vegetation within the study catchment was related to the median groundwater levels (p value of Mann-Whitney test < 0.001) and could be predicted by topographic position, e.g., footslopes or depressions had predominantly mollic Gleysols and grassland vegetation, whereas ridge sites had predominantly umbric Gleysols and were often forested (Pearson's chi-square test, p < 0.001 (soil type), and p < 0.003 (vegetation); Cramer's V value, a measure of the strength of correlation, was 0.51 (soil type) and 0.33 (vegetation)).
Changes in the Correlation Between Groundwater Level Patterns and TWI Over Time
The continuous groundwater measurements allowed quantification of the temporal variation in the correlation between groundwater levels and topographic indices. The correlation between TWI and absolute groundwater levels decreased strongly at the beginning of rainfall events and reached the lowest values shortly after peak streamflow ( Figure 5 ). During the falling limb of the hydrograph, r s increased quickly and reached the highest values 12 h-2 days after the event. During dry periods, r s gradually decreased until the beginning of the next event. The drop in correlation at the beginning of a rainfall event was particularly large after long, dry periods.
This event-scale change in correlation persisted throughout the year but was superimposed on a seasonal cycle ( Figure 6 ).
The wide range of streamflow conditions for which r s values were higher than 0.7 suggested that it was not the event magnitude but rather conditions with small changes in runoff and, thus, also groundwater levels for which r s values were highest. Under these conditions, the assumption of groundwater levels following a succession of steady state situations might have been fulfilled best. A bell-shaped relation with highest r s values at near-zero dQ/Q (Figure 7 ) was pronounced for all streamflow conditions although for the smallest streamflow class (<12.5 L s 21 km 22 ) it was least pronounced (see Figure 7 , inset). Most of the low Spearman rank correlation coefficients in this class occurred during the dormant season, which is in agreement with the results shown in Figure 6 . 
Discussion
The Role of Topography on Groundwater Levels
The statistical significance and strength of the correlation (r s > 0.6) suggest that topography exerts a significant control on the median groundwater levels in mountain catchments with low-permeability soils. Median groundwater levels were related to local controls, such as the local slope and the soil wetness (as described by the TWI), and upslope controls, such as the runoff concentration within the upslope contributing area (as described by the mean upslope curvature), subsurface water input from upslope (as described by the upslope contributing area), and mean soil wetness in the source area (as described by the mean TWI of the upslope contributing area). Interestingly, the relative strength of slope and curvature in explaining the median groundwater levels depended on whether they were considered as local or upslope controls.
Other studies also reported groundwater levels to be correlated to TWI, although the correlation coefficients were lower than in our study [Detty and McGuire, 2010] . A possible explanation for the lower correlations might be the more permeable soils in these catchments, which might lead to deeper median groundwater levels that are less influenced by the surface topography [Bachmair and Weiler, 2012] . In other studies, particularly on footslopes and in catchments with a relatively flat topography or conductive soils, topography was not identified as a dominant control and the TWI was weakly correlated to spatial groundwater level variations [Moore and Thompson, 1996; Seibert et al., 1997] . This is plausible since in flatter sites the hydraulic gradient, subsurface flow concentration, and contribution from upslope areas are smaller and, therefore, other controls are more likely to dominate the variability in median groundwater levels.
Only a few other studies have commented on the correlation between groundwater levels and topographic controls other than TWI. Bachmair and Weiler [2012] reported a nonsignificant correlation between local plan-and profile curvature and mean relative groundwater levels but did not investigate curvature of the upslope contributing area. The local slope was among the predictor variables with the strongest correlation (r s 5 20.36) with mean relative groundwater levels, but the correlation was lower than in our study (r s 5 20.69). Other predictor variables with similar or slightly higher correlations were land use (r s 5 20.42) and saturated hydraulic conductivity (r s 5 20.39). Bachmair and Weiler [2012] concluded, based on the low correlation coefficients, that important predictor variables were missing in their analysis but that topography and soil properties were among the important controls on groundwater responses of the three experimental hillslopes with transmissive soils. This is noticeable as their experimental hillslopes were explicitly chosen to be relative planar. Soil depth and saturated hydraulic conductivity of the mineral soil were not correlated to median groundwater levels in this hillslope study.
The upslope contributing area exerts an important control on groundwater and subsurface flow. Previous studies in the Alptal concluded that these fluxes were important components of the hillslopes water balance [Feyen et al., 1996] . Subsurface runoff (364 mm) from a small 10 m 2 experimental plot with 80 cm deep PVC panels on the uphill side and a trench on the downhill side exceeded net precipitation (5128 mm precipitation minus 26 mm evapotranspiration) by more than 260 mm during an 11 day measurement campaign [Feyen et al., 1996] . While this example might be exceptional due to groundwater upwelling at that topographic location, it shows that subsurface water input from upslope areas can be substantial. Bachmair and Weiler [2012] reported upslope contributing area to be more important than vegetation and soil properties only when accounting for interactions between predictor variables but not in the partial correlation analysis. Detty and McGuire [2010] found upslope contributing area to be significantly related to catchment wide water table duration but not when the analysis was performed for individual landforms (footslope, midslope, shoulder) or well transects.
The fact that other studies reported a lower correlation between topography and groundwater levels suggests that the governing subsurface runoff processes may be different in contrasting catchments. In steep mountain headwater catchments with low-permeability soils (e.g., Gleysols), perched groundwater systems are expected to prevail. As groundwater levels are predominantly shallow, subsurface flow through conductive soil layers and/or preferential flow paths near the soil surface is likely an important flow component during events. The humid conditions, together with the low drainable porosity of the soil matrix, cause median groundwater levels to be persistently close to the soil surface, soil moisture to be high, and storage capacity to be low. Our results and field observations suggest that spatial variability in groundwater levels is driven by the input from upslope areas, which is influenced by subsurface flow concentration (convergent or divergent shallow flow pathways in the upslope contributing area of each site). The local hydraulic gradient exerts a control on the downslope drainage conditions, which, together with upslope soil water inputs, determine groundwater levels.
In terms of differences in the dominant controls on groundwater levels and runoff mechanisms in different catchments, it appears that saturation and subsequent lateral subsurface flow in transmissive soils occurs at deeper depth than in low-permeability soils. Therefore, soil properties, like the saturated hydraulic conductivity and soil depth, as well as topography and infiltrability of the bedrock surface or deep impeding soil layer, are expected to be of greater importance than in environments with low-permeability soils [McDonnell, 1990; Uchida et al., 2003; Tromp-van Meerveld et al., 2007] .
Predictability of Median Groundwater Levels
Variability in median groundwater levels was largest for sites with a local slope between 30 and 50% (24 sites out of 51), an upslope contributing area between 200 and 600 m 2 (18 sites out of 51), and a TWI between 4 and 6 (27 sites out of 51). These criteria applied to relatively large parts of the catchment (49%, 32%, 49%, respectively), predominantly at midslope locations. Eleven out of the 51 sites fulfilled all three criteria; two of them were among the most responsive sites in the catchment with the largest groundwater amplitude. The median groundwater levels were not statistically significantly different for the umbric and mollic Gleysols (Mann-Whitney test, p > 0.28), which suggests that soil type did not cause the large variability in median groundwater levels in this zone. Flatter footslopes and steeper ridge sites were characterized by a smaller variability in median groundwater levels. It could be speculated that a more complex and, therefore, more variable interplay of several, well-correlated controls dominate median groundwater levels on the midslopes, while for the footslopes and ridges only a few important factors determine the balance between subsurface input from upslope and drainage. This makes prediction of median groundwater levels in footslope and ridge sites more reliable than for midslopes and suggests that midslopes are most relevant in terms of monitoring changes in groundwater storage and hydrological connectivity.
TWI Assumptions Evaluated by the Temporal Variability of Correlation Strength
The spatial groundwater level pattern did not maintain a persistent shape that shifted uniformly up and down in response to changes in saturated zone storage as assumed by the physical motivation of using TWI for modeling groundwater levels or streamflow. Instead the spatial pattern in groundwater levels changed during events and seasonally. We hypothesize that temporal differences in rainfall inputs and spatiotemporal differences in soil water storage cause differences in groundwater responses throughout the catchment during a rainfall event. While we expect parts of the catchment to be hydrologically disconnected prior to events or during dry periods, we assume large parts of the upslope contributing area to be connected during events (see TWI assumptions). In these situations, water tables are high and the local slope is a good predictor of the hydraulic gradient. During recession, groundwater levels slowly decline and the assumption of a succession of steady state conditions is more realistic, which was also indicated by stronger correlations during these periods. Toward the end of the recession period, parts of the upslope contributing area might become hydrologically disconnected. The longer the time that groundwater levels fall, the more heterogeneous they become throughout the catchment and the weaker the correlation with TWI becomes. Sites with a large upslope contributing area or low slope tend to have persistently high groundwater levels, while wells at other sites can fall dry.
The assumption of a persistent shape of the groundwater pattern that shifts uniformly up and down due to changes in saturated zone storage did hold neither for events nor for seasons. During the growing season, the groundwater pattern within the catchment varied because it was determined by differences in groundwater response during rainfall events. During the longer dry periods in late fall and winter, differences in groundwater levels were most pronounced. The TWI assumptions could be considered to be reasonably met only toward the end of the snowmelt season, when constant, lowintensity melt water inputs throughout large parts of the catchment caused groundwater levels to be high, and the upslope contributing area was, therefore, likely to be hydrologically connected (Figures 6  and 7 ).
More generally speaking, the assumption of steady state successions was best met during conditions of small changes in runoff (5near-zero dQ/Q) and presumably small changes in groundwater levels ( Figure 7) . The assumptions were, however, not fulfilled during large changes in groundwater levels and streamflow during the start of events, when spatial variability of rainfall inputs and subsurface flow from upslope areas, drainage, and associated delays were high. The saturated zone did also not respond in unison during the lowest flows at the end of long dry periods, when some wells were dry and connectivity was likely lowest. This was particularly pronounced during the long dry period in winter (see Figure 6 , light blue data points, and Figure 7 , light green data points).
Concluding Remarks
We found that topography is a good predictor of median groundwater levels in the studied mountain headwater catchment with low-permeability soils. Median groundwater levels were correlated with topographic indices and the strength of correlation differed depending on whether they were considered a local or an upslope topographic control. This suggests that groundwater levels were not only controlled by local drainage but also by subsurface inputs from upslope and that both scales (local and upslope contributing area) have to be considered to better understand the spatial variability in median groundwater levels.
This study also showed that the rank correlation between groundwater levels and TWI was not constant over time but decreased during rainfall events as differences in rainfall input and subsurface flow redistribution and associated delays led to spatial differences in groundwater responses. When groundwater levels were high and changed slowly, e.g., when the catchment was slowly draining after events or during snowmelt in spring, the TWI assumptions of steady state successions, connected upslope contributing areas, and surface slope as a proxy of the hydraulic gradient were fulfilled best. They were least appropriate during long dry periods, when parts of the catchment drained differently and became disconnected.
We expect our findings to also be applicable in other humid mountain headwater catchments with lowpermeability soils and shallow groundwater tables as the topographic indices are proxies for generally applicable, physical properties and processes that seem to dominate in these catchments. Our study showed that the TWI assumptions might be useful simplifications for modeling applications in catchments with shallow groundwater levels during periods following rainfall events and during the snowmelt season when streamflow and groundwater levels change slowly. However, for modeling the groundwater response at the beginning of events and during long dry periods other modeling approaches are needed to better represent the saturated zone dynamics. This has implications for using TWI-based models to predict the spatial patterns of groundwater levels, their connectivity, and catchment runoff response.
